The initial view that regeneration can be a continuum in terms of regulatory mechanisms is gradually changing, and recent evidence points towards the presence of discrete regulatory steps and intermediate phases. Furthermore, regeneration presents an excellent example of a process generating order and pattern, i.e. a self-organization process. It is likely that the process traverses a set of intermediate phases before reaching an endpoint. Although some progress has been made in deciphering the identity of these intermediate phases, a lot more work is needed to derive a comprehensive and complete picture. Here, we discuss the intermediate developmental phases in plant regeneration and compare them with the possible intermediate developmental phases in animal regeneration.
Introduction
In the survival against the odds of nature, tissue repair and regeneration capacity are lifelines for organisms. A variety of regeneration tactics are evident across the kingdoms, such as regeneration of locomotory organs by microbes (Rannestad 1974 , Wilson et al. 2008 , replacement of amputated limbs by the axolotl (McCusker et al. 2015b ) and regeneration of lost body parts in Hydra and planarians Reddien 2011, Owlarn and Bartscherer 2016) . Interestingly, plants are capable of de novo regeneration of a complete organism even from a single cell (Smertenko and Bozhkov 2014) , in addition to their ability to repair damage .
The regeneration strategy in response to an injury varies between species, depending on the injured body parts and according to the nature and extent of the damage (Birnbaum and Sanchez Alvarado 2008 , Gauron et al. 2013 , Love et al. 2013 . Though the responses to injury vary and are fine-tuned by evolution, there may exist common mechanisms and conserved molecular players across kingdoms. Recently, various studies have been carried out to probe the cellular and molecular mechanisms of regeneration in plants (Xu et al. 2006 , Ikeuchi et al. 2013 , Motte et al. 2014 ) and animals (Nacu and Tanaka 2011 , Tanaka and Reddien 2011 , McCusker et al. 2015b ). An intriguing question arises as to whether the regeneration process is a continuum or if it can be separated into intermediate developmental phases.
Previous views considered the process of regeneration as a continuum. For example, Brockes and Kumar (2008) mentioned in their review on animal regeneration: 'regenerative phenomena present a continuum in relation to mechanisms, and exact definitions can be difficult to justify'. However, an emerging view supports the separation of this apparent continuum of regeneration into major constituent cellular events (Galliot et al. 2017) . Like many other developmental processes, regeneration involves a number of steps comprising distinct molecular and cellular events, which in turn can lead to the progression of regeneration towards intermediate developmental stages. The phase during which a particular intermediate developmental stage is reached is likely to be regulated by a distinct regulatory module. The discovery of such distinct regulatory modules clearly supports the emerging notion (Kareem et al. 2015) . Uncoupling the intermediate developmental phases will help to dissect the essential mechanisms of regeneration. Here, for simplicity, we have divided the regeneration process into the following intermediate developmental phases (i) acquisition of regeneration competence; (ii) formation of progenitors; and (iii) cell fate specification and patterning, leading to organ formation.
Acquisition of Competence
Over the course of evolution, numerous natural selection pressures such as sublethal injuries inflicted by biotic and abiotic factors could have led to the development of varied regenerative responses in plants and animals (Baumiller and Gahn 2004, Bely and Nyberg 2010) . Notably, a common trigger for regeneration in both the kingdoms is wound stress (Chera et al. 2011 . Iwase et al. 2011 , Love et al. 2013 , Iwase et al. 2015 , Chen et al. 2016a , Lup et al. 2016 . In response to the perception of loss or damage to a body part, wound-induced signaling commences. In both plants and animals, wounding is proven to trigger the production of reactive oxygen species (ROS) (Gauron et al. 2013 , Love et al. 2013 , Lup et al. 2016 . ROS are important for inducing cell proliferation during regeneration in animals De novo shoot organogenesis. Cells in explants acquire the competent state during callusing (yellow) on callus-inducing medium (CIM). Shoot progenitors (dark green spots) are specified in competent callus followed by pattern formation upon shoot-inducing medium (SIM) treatment (Kareem et al. 2015) . (B) Direct conversion of the lateral root primordium (LRP, green) to shoot meristem (SM; yellow). High concentrations of cytokinin stimulate the transition of root cell fate into shoot cell fate in LRPs and trigger shoot regeneration (Rosspopoff et al. 2017) . WOX5 domain (stem cell niche), blue dot; shoot markers, yellow dot. (C) De novo root organogenesis from leaf. Wounding instigates the transition of leaf cell fate into root cell fate and promotes root organogenesis (Liu et al. 2014 , Chen et al. 2016b ). (D) Root tip regeneration. Resection of the primary root tip causes the regeneration of the entire root tip including the stem cell niche by passing through an embryonic-like program . COL, columella; LRC, lateral root cap; SCN, stem cell niche; QC, quiescent center; EP, epidermis; CO, cortex; EN, endodermis; PE, pericycle; ST, stele. (E) Limb regeneration in salamander. Amputation of a salamander limb stimulates the regeneration of the lost body part by activating several wound-induced signals followed by cell proliferation and patterning (McCusker and Gardiner 2013 , McCusker et al. 2015a , McCusker et al. 2015b . Dotted lines in (D) and (E) indicate the site of resection/amputation. (Gauron et al. 2013 , Love et al. 2013 . In plants, the definite function of ROS during regeneration is yet to be demonstrated, but wound-induced production of phytohormones such as auxin, ethylene and jasmonate has been known to play crucial roles (Chen et al. 2016a , Lup et al. 2016 . For instance, wound signaling can prompt auxin biosynthesis via YUCCA gene induction during root organogenesis from leaf explants (Fig. 1C ) (Chen et al. 2016b) . Similarly, dynamic response patterns of auxin and cytokinin are generated upon wounding of the root tip (Fig 1D) .
Wound-induced signaling and phytohormones play essential roles in inducing an early key step in regeneration, namely the formation of a regeneration-competent mass of cells, hereafter termed the competent tissue (Nacu and Tanaka 2011 , Iwase et al. 2015 , McCusker et al. 2015b , Heyman et al. 2016 , Owlarn and Bartscherer 2016 . The cells of the competent tissue either originate from stem cells or they are derived from dedifferentiated cells (reviewed in Jopling et al. 2011 , Sugimoto et al. 2011 , Ikeuchi et al. 2013 . Sugimoto et al. 2011 , Ikeuchi et al. 2013 . In general, competent tissue comprises cells near the wound site which have the ability to proliferate and re-specify new cell fates to replace the damaged organ or to regenerate a de novo organ. The role of phytohormones is evident in various modes of regeneration. For instance, the formation of shoot regeneration-competent lateral root primordia (LRPs) is enhanced by the external application of auxin (Rosspopoff et al. 2017) . Auxin also induces the formation of pluripotent callus from various plant explants (Skoog and Miller 1957) . During natural regeneration of the root tip, phytohormone-driven signaling along with wound-induced transcription factors such as ETHYLENE RESPONSE FACTOR115 (ERF115) contributes to regeneration competence (Heyman et al. 2016 ). The initial stage during which cells at the cut root tip progressively lose the expression of cell lineage markers can be considered as a phase of acquisition of competence. These cells act as a competent tissue to regenerate the lost part by undergoing cell proliferation and subsequent recovery of cell fates ( Fig. 1D) It is interesting to note that the formation of competent tissue in plants does not involve cell migration, while animals construct the competent tissue by cell migration and recruitment of cells to the site of regeneration (McCusker et al. 2015b, Owlarn and Bartscherer 2016) . To compensate for the inability of plants cells to migrate to conducive niches, mechanisms such as polar transport of auxin to the site of regeneration (Chen et al. 2016b ) may have evolved.
Formation of Progenitors
Once a competent tissue senses the right set of inductive cues, cascades of regulatory signals trigger further cell proliferation followed by re-specification of the stem cell niche. The necessity for stem cell regulators in regeneration has been known for decades in animals, but their role in plant regeneration was uncovered only recently. Concrete genetic evidence for the necessity for re-specification of the stem cell niche and its regulators during regeneration in plants emerged from the failure to regenerate the root tip upon quiescent cell ablation in the root tip of the plt1,2 mutant, which is defective in stem cell maintenance (Xu et al. 2006 ). This study beautifully provides a molecular framework for organ regeneration wherein stem cell regulators are core components.
Furthermore, during direct conversion of LRPs to shoot meristem in Arabidopsis, an apical root stem cell niche is essential for conversion of LRPs to shoot (Fig. 1B) (Rosspopoff et al. 2017) . The generation of a pool of progenitors comprising stem cells is instrumental in regeneration. Shoot progenitors comprising a stem cell niche ensure the regeneration of the complete shoot system, as evident from the severely compromised shoot regeneration in the loss-of-function mutant of the stem cell organizer determinant, WUSCHEL (WUS), and the mutant in which WUS fails to confine and create a stem cell niche ( Fig. 1A) (Kareem et al. 2015 , Zhang et al. 2017 . The formation of progenitors from competent founder cells also contributes to root regeneration from a wounded leaf explant (Fig. 1C) . A careful analysis of mutant phenotypes and expression patterns of homeobox-containing transcription factors namely WUSCHEL RELATED HOMEOBOX11 (WOX11), WOX12 and the stem cell regulator WOX5, as well as LATERAL ORGAN BOUNDARIES DOMAIN transcription factors, suggests the presence of multiple steps right from the specification of root founder cells (Liu et al. 2014 , Chen et al. 2016b , Xu 2017 . During the process, auxin promotes the formation of root progenitors and reconstitution of the root stem cell niche (Fig. 1C) (Liu et al. 2014 , Chen et al. 2016b , Xu 2017 , Yu et al. 2017 .
Progenitor formation and participation of stem cells in tissue regeneration are also evident in various animal model systems. In many of the lower organisms such as Hydra and planaria, pre-existing stem cells provide an explanation for the cellular sources of regeneration (Tanaka and Reddien 2011) . However, studies involving higher organisms such as zebrafish, Xenopus and axolotl show other mechanisms of progenitor formation including dedifferentiation and transdifferentiation (reviewed in Jopling et al. 2011 , Sugimoto et al. 2011 , Tanaka and Reddien 2011 . Though the essential mechanisms underlying the origins of progenitors and their formation in different model systems during regeneration still remain unresolved, lineage tracing using single-cell transcriptomics has begun to provide insights into these mechanisms in both plants and animals (Efroni and Birnbaum 2016 , Molinaro and Pearson 2016 , Woodworth et al. 2017 ). Together, a common step in regeneration across the kingdoms is the formation of progenitors towards remaking of an organ or complete body plan. The regulators of stem cell maintenance contribute towards this process.
Cell Fate Specification and Patterning
Re-specification of appropriate cell fate and re-patterning of an organ or an entire organism from the progenitor can be largely grouped together as a final step to accomplish regeneration. These processes, however, go hand in hand with the less understood phenomena of establishment of tissue polarities and acquisition of correct positional identities. Wnt signaling is one of the most conserved pathways responsible for determining anteroposterior polarities in animals. In planarians, wound-induced Wnt signaling is suggested to interpret existing tissue polarity at the amputation site to promote correct blastema identity, i.e. head vs. tail (Petersen and Reddien 2009, Owlarn and Bartscherer 2016 ). An intriguing question is whether Wnt signaling also plays a role in the acquisition of tissue polarity in other model organisms.
In plants, root tip regeneration provides a good model to gain insights into the mechanism of cell fate specification and patterning. Upon root tip resection, cells near the stump initially lose the expression of the respective cell lineage markers followed by their recovery at later stages and reconstitution of the stem cell niche (Fig. 1D) . While the reconstitution of the stem cell niche is observed in an inside-out manner, cell fate recovery occurs in an outside-in manner. Furthermore, a few cells at the stump show a 'mixed cell identity' which progressively separates into quiescent cell and columella cell identities in a spatiotemporally regulated manner ). The recovery of distal cell fates follows an embryonic-like sequence and is possibly regulated by cross-talk between auxin and cytokinin domains. Interestingly, Arabidopsis root tip regeneration exhibits auxin and cytokinin domains similar to embryonic root development, and manipulation of these spatial domains within an early time window causes a shift in the proximal-distal axis ). This auxin-cytokinin signaling which governs proximal-distal polarity is reminiscent of Wnt signaling performing similar function in animal regeneration. It appears that in root development and regeneration, the auxin-cytokinin domains code for positional information and this code is interpreted by the dividing cells to acquire positional identity and cell fates. Unraveling the underlying mechanisms of root tip remodeling in response to injury would require uncoupling of a few regulatory events, in particular the reconstitution of the stem cell niche, cell fate recovery and the regulatory processes occurring in response to endogenous auxin and cytokinin. While the cell fate re-specification from shoot progenitors is essential in making the complete shoot system de novo (Fig. 1A) , how the entire process occurs in the absence of any embryonic positional cues still needs to be investigated.
Regeneration-A Continuum or Discrete Regulatory Steps?
Having understood the major cellular events during regeneration, the regenerative response can be viewed either as a continuous process comprising interconnected interactions of numerous molecular players or as a process consisting of intermediate phases wherein each distinct phase is regulated by a specific regulatory module. Comparative analyses of regeneration in different model organisms have begun to elucidate cellular and molecular events leading to regeneration, thereby addressing the nature of the process (Birnbaum and Sanchez Alvarado 2008 , Brockes and Kumar 2008 , Kareem et al. 2015 , Radhakrishnan et al. 2017 .
Though the distinct separation of the intermediate developmental phases is yet to be fully appreciated across the kingdoms, emerging studies of regenerative responses have begun to suggest the existence of such intermediate phases.
As mentioned earlier, in animals, formation of a regenerationcompetent blastema denotes the acquisition of the competence phase. Interestingly, differential regulation of the initial phase of acquisition of competence and subsequent cell proliferation has been observed during regeneration in a few species (Brockes and Kumar 2008 , Gauron et al. 2013 , Love et al. 2013 ). For instance, blastema formation can occur in denervated newt limbs, whereas subsequent blastemal cell proliferation is nerve dependent (Brockes 1984, Brockes and Kumar 2008) . Here, the two phases are distinctly regulated. Blastemal cell proliferation is stimulated by the newt ANTERIOR GRADIENT (nAG) protein which is expressed in amputated limbs in a nerve-dependent manner and leads to completion of limb regeneration when delivered in a denervated limb (Kumar et al. 2007) . Similarly, during zebrafish fin regeneration, ROS produced at the wound site promote cell proliferation by activating apoptosismediated compensatory cell division (Gauron et al. 2013) . Partial pharmacological inhibition of apoptosis results in reduced blastemal cell number but does not significantly alter blastema organization, suggesting a major role for apoptosis in blastemal cell proliferation but not in the formation of an organized blastema. ROS also activate cell divisions via the Jun N-terminal kinase signaling pathway. In addition, ROS may promote cell proliferation during Xenopus tail regeneration by activating Wnt signaling (Love et al. 2013 ). These studies suggest that injury-induced changes in cellular metabolism and the redox state of the cells are crucial for promoting cell proliferation. The regulated cell proliferation is likely to be crucial for giving rise to progenitors, but whether the regulatory module that controls the cell proliferation is distinct from that which facilitates progenitor formation remains to be investigated. Yet another example of where regeneration seems to proceed through discrete intermediate phases is limb regeneration in the axolotl. One of the prerequisites for blastema formation during axolotl limb regeneration is scar-free wound healing. However, all the wounds that heal do not necessarily proceed to organ regeneration (McCusker et al. 2015b) , implying the possible separation between wound healing and the initiation of organ regeneration. During planarian regeneration, wound closure and initiation of regeneration have been shown to be differentially regulated (Galliot et al. 2017) . Upon blocking the wound-induced activity of extracellular signal-regulated kinase (ERK), the amputated planarians can heal the wound but cannot initiate regeneration until the ERK activity is restored (Galliot et al. 2017 ). These studies suggest that at least in a few cases, there are discrete intermediate steps that can be uncoupled.
Recent studies in plant regeneration provide compelling evidence of distinct intermediate developmental phases. Insights into separation of intermediate developmental phases during regeneration can be gained from studies of de novo shoot formation in Arabidopsis (Fig. 1A) . Forward genetics screening of shoot regeneration-defective mutants of Arabidopsis thaliana suggested differential regulation of acquisition of cell proliferation and organogenic competence and later stages of organ formation (Fukuda et al. 1994 , Yasutani et al. 1994 , Sugiyama 2000 , Tamaki et al. 2009 , Ohtani et al. 2013 ). However, a clear separation of the phases of de novo organogenesis driven by a distinct regulatory module was elucidated only recently. An attempt to uncouple these phases employed de novo shoot regeneration as a model wherein formation of the proliferating regenerative mass, callus, can be uncoupled from its ability to regenerate shoot progenitors (Kareem et al. 2015) . While regulators of lateral root initiation such as ABERRANT LATERAL ROOT FORMATION4 (ALF4) can trigger callus formation, the proliferating callus requires regulators of lateral root outgrowth such as PLETHORA3 (PLT3), PLT5 and PLT7 to activate root stem cell regulators in response to external auxin in order to establish the potential to regenerate shoot progenitors. Interestingly, the same set of three PLT transcription factors up-regulate organ boundary genes in response to external cytokinin to accomplish shoot regeneration from the progenitors (Kareem et al. 2015) . The two distinct regulatory modules, one that operates downstream of external auxin and another that operates downstream of external cytokinin, uncoupled the distinct developmental phases of acquisition of competence, progenitor formation and tissue patterning leading to completion of shoot regeneration (Kareem et al. 2015) .
Not only de novo shoot regeneration from callus but also the recent studies of transdifferentiation of LRPs to shoot have shown a fine temporal regulation of acquisition of competence and cell proliferation (Fig. 1B) (Kareem et al. 2016 , Rosspopoff et al. 2017 . The separation between acquisition of competence and cell proliferation was evident from the intervening mitotic pause upon transfer of the explants to cytokinin-rich media. This mitotic pause is followed by cell fate transition as observed from down-regulation of root-specific genes and up-regulation of shoot-specific genes (Rosspopoff et al. 2017) . However, the boundary between cell proliferation and cell fate transition is still unclear. It can be speculated that cytokinin-induced factors may be responsible for transiently blocking the mitotic activity. In this context, it will be interesting to determine whether by deregulating cell proliferation, the cell fate switch is also affected and whether the 'mitotic pause' is necessary to allow cell fate transition.
Though emerging evidence supports the separation of wound healing from subsequent phases of animal regeneration, the phases such as the cell fate specification and pattern formation during animal regeneration show overlapping boundaries and have been extensively investigated in models of animal regeneration (reviewed in Brockes and Kumar 2008, Nacu and . The striking differences in plant vs. animal systems are the involvement of nerve signaling and cell migration which are specific to animal regeneration. However, they do share common cellular events such as wound-induced cell proliferation, de novo establishment of tissue polarity and patterning (Birnbaum and Sanchez Alvarado 2008 , Gauron et al. 2013 , Love et al. 2013 ) in addition to regulatory features such as involvement of embryonic regulators, hormonal gradients and epigenetic modifiers Sanchez Alvarado 2008, Brockes and Kumar 2008) . Recently, signaling from a nerve was suggested to keep the blastema cells of a regenerating axolotl limb in an undifferentiated and proliferative state, whereas disruption of the nerve signaling leads to acquisition of stable positional identity and differentiation (McCusker and Gardiner 2013) . Further studies proved that the positionally labile early bud and apical late bud blastema cells are in a proliferative phase, while the positionally stable basal late bud blastema cells show reduced cell proliferation and more tissue organization (Fig. 1E) (McCusker et al. 2015a ). This indicates that the phases of cell proliferation and acquisition/ stabilization of positional identity are regulated in a spatiotemporal manner during axolotl limb regeneration. Such a spatiotemporal regulation of positional identity is reminiscent of the recovery of cell identity during root tip regeneration in Arabidopsis. However, the distinct regulatory modules operational during cell proliferation, cell fate specification and patterning during root tip regeneration remain unknown.
Conclusion
In an analogy to physics, where a continuous light wave can also be perceived as consisting of discrete packets of energy (photons), the seemingly continuous process of regeneration can be thought of as consisting of discrete regulatory steps. Separately regulated interlinked processes are easier to control and help to keep errors in check. Such regulations exist at multiple levels of organization in biological systems. To summarize, we put forward a new perspective of looking at the complex process of regeneration by breaking it down into its key intermediate phases. After all, as said by the poet Wallace Stevens, 'In the sum of the parts there are only the parts'. 
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